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Investigation of the kinetics of the chemical vapor deposition of aluminum from dimethylethylamine alane: experiments and computations

Experiments and computations are performed for the metalorganic chemical vapor deposition (MOCVD) of aluminum (Al) from dimethylethylamine alane (DME-AA). The deposition rate as a function of the substrate temperature and the evolution of the deposition rate along the radius of the susceptor are experimentally determined, in a vertical, warm wall MOCVD reactor operating at 10 Torr, in the temperature range 139 ο C-240 ο C. Following previously published mechanism for the decomposition of DMEAA, a predictive 3D model of the process is built, based on the mass, momentum, energy and species transport equations with the aim to simulate the process. Taking into account experimental results it is demonstrated that a volumetric and a surface reaction are responsible for the deposition of Al from DMEAA. For both reactions, first order Arrhenius kinetics are implemented and the kinetic parameters are determined through fitting to the experimental data. The results show satisfactory agreement between experiments and computations for almost the whole temperature range examined.

1 Introduction Aluminum (Al) deposition results in films which have advantageous properties for targeted applications such as low electrical resistivity, sufficiently conformal coverage of complex surfaces but also good resistance to electromigration [1]. Metalorganic chemical vapor deposition (MOCVD) and atomic layer deposition (ALD) are often used for the processing of Al films, be-cause they ensure film growth on surfaces with tunable microstructure and deposition rate.

Among the numerous MOCVD precursors for Al, dimethylethylamine alane (DMEAA -(CH 3 ) 2 C 2 H 5 NAlH 3 ) is used due to its high vapor pressure at room temperature and the low deposition temperatures [2,3]. Moreover, it produces oxygen-free films and the absence of direct Al-C bonds in the precursor molecule yields also the production of carbon-free films, thus (a) bypassing critical functional problems due to contamination such as high electrical resistivity or decreased oxygen diffusion barrier, and (b) providing convenient operating windows for co-deposition with oxo-and carbophilic elements such as Fe and Cu [1].

The deposition behavior and chemistry of DMEAA [4] have been explored, including selective deposition and a dissociation scheme of DMEAA on the surface [5,6]. Han et al. proposed a set of successive reaction steps for the deposition of Al from DMEAA [7] which is likely to follow an intermediate behavior between the deposition of Al from trimethyl amine alane (TMAA) and from triethyl amine alane (TEAA) [8,9]; that is, the rate limiting step during the deposition of Al from DMEAA is either the decomposition of DMEAA on the surface (rate determining step of TMAA) or the desorption of the molecular hydrogen from the surface (rate determining step of TEAA) or a combination of these two reaction steps. Kim et al. further extended this work by reporting that above a critical temperature the amine-alane adduct can be dissociated in the gas-phase and that powders can be formed in the gas phase when the temperature is higher than 170 ο C [4,10,11]. Yun et al. determined the activation energy of this gas phase reaction by performing Fourier transform infrared (FTIR) analysis of the gas phase [12], whereas the effect of the nature of the substrate on the deposition process and the morphology of the obtained surfaces have been experimentally studied in [3,[13][14][15]. Computational works [START_REF] Tsuji | Advanced Metallization Conference[END_REF] have also been reported, where the authors dealt with the dissociation of DMEAA on an Al(111) surface and where quantum chemical calculations were performed to determine the mechanisms occurring in the process [START_REF] Nakajima | [END_REF].

We recently reported results on the MOCVD of aluminum from DMEAA [18]. Pure aluminum films were obtained at four temperatures in the range 160 ο C-260 ο C at a total pressure of 10 Torr. The process is characterized by a kinetically controlled regime below 200 ο C with a predominant surface reaction, which includes the decomposition of the precursor on the surface, followed by a diffusion limited regime for deposition at temperatures higher than 200 ο C. However, the incubation time which can play a key role, especially at low temperatures, was neglected. By using DMEAA we deposited Al onto micro-patterned wafers to test the conformity of the obtained coatings [19] and a primary effort was performed for modeling deposition inside micro-patterns [20]. Finally, the combination of DMEAA with a copper amidinate precursor, led to the growth of Al-Cu intermetallic films including the Al 4 Cu 9 approximant by either sequential deposition, followed by post deposition annealing [21,22] or co-deposition [23].

The present work aims at further consolidating the deposition of Al from DMEAA by providing experimental data in a more detailed temperature range compared with [18] and taking into account the incubation time in the measurement of the deposition rate, which was neglected in previous work. More importantly, by investigating com-putationally the kinetic mechanism which contributes to the MOCVD of Al from DMEAA, we develop a macroscopic model for the simulation of the process. This investigation includes the comparison of the results obtained from the computational analysis with the corresponding experimental ones in order to define kinetic parameters. The development of the macroscopic model is important since it can be used as a source for a multiscale framework which will enable the simulation of the surface evolution and the calculation of the surface roughness. Finally, this model may provide useful information, such as the optimum temperature range for the synthesis of Al-Fe films by co-deposition of Al and Fe from their respective precursors.

The article is structured as follows; at first, the experimental protocol involving MOCVD of Al is presented in detail, followed by the computational aspects of the work. Then, the experimental and theoretical results are presented and discussed prior providing concluding remarks.

2 Experimental Deposition of Al films is performed in a vertical, cylindrical, stagnant flow, warm wall, stainless steel MOCVD reactor which has been described in detail in [1,24]. 20 x 10 x 1 mm 3 silicon flat coupons are used as substrates. Their surface is etched in an HF bath (1 ml HF:10 ml H 2 O) for 1 minute, sonicated in an acetone and ethanol bath for 5 minutes, dried in Ar flow and baked in a furnace at 60 ο C for 20 minutes. They are weighted before and after deposition experiments for the determination of the mass gain over the experiment duration which corresponds to the deposition rate. In each experiment three substrates are placed horizontally at different radial positions, on a 58 mm diameter susceptor (substrate holder) heated by a resistance coil gyred just below the surface. In the presence of a perforated shower plate which is facing the substrates, a homogeneous gas distribution is ensured; in contrast, a large recirculation zone sets in when the shower plate is absent [18]. The shower plate diameter is 60 mm; the plate consists of 1450 holes of 0.76 mm diameter each [18]. DMEAA, is synthesized by NanoMePS1 and is supplied in a stainless steel bubbler equipped with a 3-valve bypass system. It is maintained at 3 ο C permanently; i.e. below the freezing point of the compound, thus strongly limiting its degradation [25]. It is thermally regulated to 7 ο C during the experiments. At this temperature, the partial pressure of DMEAA is 0.7 Torr [START_REF] Epichem | DMEAA physical properties and datas[END_REF]. Pure nitrogen (99.998%, Air Products) is fed through computer-driven mass flow controllers (MKS). Experiments are performed in fixed conditions, namely total pressure of the reactor P tot = 10 Torr, thermal regulation of the lines T lines = 100 ο C and of the walls of the reactor T walls = 75 ο C, while the N 2 dilution gas flow (Q N2,dilution ) and the N 2 carrier gas flow through the precursor (Q N2,prec ) equal 305 and 25 standard cubic centimeters per minute (sccm), respectively. Consid-ering the relation proposed by Hersee and Ballingal [START_REF] Hersee | [END_REF], these conditions yield a maximum flow rate Q prec of DMEAA in the input gas, equal to 2 sccm. However, as shown in Section 4, the effective mass inflow rate of the precursor is less.

Independent experiments are performed at eight different substrate temperatures, T s , in the range 139 ο C-241 ο C. T s was calibrated under rough vacuum by attaching a thermocouple to the surface of a dummy Si coupon. The deposition time is 1 h in all experiments, including the time required for the nucleation to take place at each T s . The incubation time, is assumed here as the time needed for the change of the surface color. It is evaluated by visual observation of the substrate surface through two windows mounted on the deposition chamber. In view of the observed time scale (min) such observation allows convenient and rather precise determination of the incubation time. Although the latter is not inserted directly in the macroscale modeling, it is important as it provides the net deposition rate, i.e. the deposition rate calculated by the mass gain over the effective deposition duration (1 h -incubation time). It is worth mentioning that we consider the same incubation time for all three substrates used at each T s , regardless their radial position on the susceptor.

The deposition rate is evaluated directly by weight difference (± 10 µg) of the substrates before and after deposition, using a microbalance (Sartorius). Three independent weight measurements are carried out before and after the experiment and an average value is calculated. The maximum deviation from this average value is estimated by the difference between the minimum measured value before the experiment and the maximum measured value after the experiment, while the minimum deviation is obtained by the difference between the minimum measured value after the deposition and the maximum measured weight before the deposition. In this way the average value of the weight is always within the limits of the maximum and minimum deviations.

Samples morphology observations and estimation of the film thickness from cross section images of the film is performed using scanning electron microscopy (SEM) on a LEO 435 VP microscope running at 15 keV. This instrument also includes an energy dispersive spectrometer (EDS) and thus, it can be used for the determination of potential contamination contained in the film. For the quantification of the surface roughness, we used optical interferometry (Zygo NewView 100) capable of measuring surface roughness (Ra) down to 0.1 nm and peak-to-valley heights of up to several mm [START_REF] Czichos | Handbook of Materials Measurement Methods[END_REF]. Thus, the method is proper to quantify the average roughness of Al films which is limited to few µm.

3 Macroscopic modeling framework Aiming at investigating the kinetic mechanisms of Al films growth and at determining the corresponding kinetic parameters, a three-dimensional model (3D) of the MOCVD reactor is built, based on the governing equations describing the transport phenomena and the chemical reactions inside the reactor: The continuity, the momentum, the energy and the species transport equations augmented with realistic boundary conditions [START_REF] Cheimarios | [END_REF][START_REF] Deen | Analysis of Transport Phenomena[END_REF] are discretized in 3D and solved with Ansys/Fluent [START_REF]Ansys/Fluent[END_REF]. The set of the governing equations is described in detail in [START_REF] Cheimarios | [END_REF].

Surface reaction kinetics

According to [7,10] the successive reaction steps of the surface decomposition of DMEAA follow those of TMAA and can be expressed from the overall equation

( ) ( ) ( ) 2( ) 3 , 2 g s g g DMEAA Al DMEA H → + + (1) 
where DMEA denotes the dimethylethylamine ([(CH 3 ) 2 C 2 H 5 ]N) which is rapidly desorbed from the surface as well as molecular hydrogen. The kinetics of the surface reaction which is implemented in the macroscopic modeling is a first order Arrhenius type expressed from the following equation: , 0, , exp .

a sur sur sur DMEAA sur s E r k C RT   = -     (2) 
The activation energy E a,sur is calculated from the slope of the deposition curve in the reaction-limited regime of the Arrhenius plot (see Fig. 3 in Section 4); its value comes out equal to 19.682 kJ/mol, in agreement with the value of 22.192 kJ/mol reported in the literature [15]. Based on the experimentally determined deposition rates along the wafer for each temperature, the pre-exponential factor is fitted to k 0 , sur = 5.8579 m/s. The quantity C DMEAA,sur denotes the concentration, in kmol/m 3 , of the precursor in the gas phase of the MOCVD reactor, right above the surface of the substrate.

Volumetric reaction kinetics

Experiments for the MOCVD of Al from DMEAA with in situ FTIR analysis [12] have shown that the gas phase decomposition of DMEAA, results in DMEA and alane (AlH 3 ):

( ) 3( ) ( ) . g g g DMEAA AlH DMEA → + (3) 
As for the surface reaction, a first order Arrhenius type kinetic expression is adopted for the volumetric reaction: , 0 , , exp .

a gas gas gas D M EAA gas E r k C RT   = -     (4) 
The activation energy of the gas phase reaction has been determined as E a,gas = 40 kJ/mol [12]. As previously, the pre-exponential factor is fitted based on the experimental data to k 0,gas = 7.39 x 10 5 s -1 . In the case of the volumetric reaction, the quantities C DMEAA,gas and T represent the concentration of the precursor and the temperature, respectively, in the bulk of the MOCVD reactor.

As it can be deduced from our results (see Sction 4.2), the temperature range where the surface and volumetric Arrhenius kinetic expressions are valid, lies within the interval 139 ο C-230 ο C.

Boundary conditions and species properties

A constant mass inflow rate of 6.4332 x 10 -6 kg/s is imposed at the inlet of the reactor, calculated from the total sccm of the gas phase (see Section 2). No-slip condition is imposed at all the walls of the reactor. At the outlet, a standard outflow boundary condition [START_REF]Ansys/Fluent[END_REF] is used. The values of the temperature are set as provided after its calibration on the surface of the substrate, while the pressure of the reactor is set at 1333 Pa (10 Torr). Mass fractions of the species entering the reactor are y DMEAA =0.02023 and y N2 =0.97977. These values correspond to the actual mass inflow rate of the precursor in the reactor, which equals to 1.85 sccm (see Section 4). At the outlet of the reactor an overall mass balance correction is imposed [START_REF]Ansys/Fluent[END_REF]. Mesh dependency study has been performed in order for our results to be mesh independent.

The properties of individual species and of the mixture are computed as in [START_REF] Cheimarios | [END_REF]. The Lennard-Jones (LJ) parameters, namely σ and ε, are the parameters of the LJ potential which are needed for the estimation of the properties of the gas phase in the MOCVD reactor. σ is the radius of the molecules and ε/k is equivalent to the attraction strength between molecules. For unknown species, DMEAA, DMEA and AlH 3 , values are calculated with group contribution methods [START_REF] Reid | The Propertie of Gas and Liquids[END_REF] and are presented in Table 1. The LJ parameters needed for the rest of the species which participate in the surface and the volumetric reaction (Eqs.

(1) and ( 3)) are already implemented in Fluent [START_REF]Ansys/Fluent[END_REF].

4 Results and discussion 4.1 Surface morphology and incubation time A sharp colour transition from reflecting grey to diffuse white allows the visual estimation of the incubation time. Figure 1 shows the evolution of the incubation time as a function of T s . A significant incubation time is observed at low T s (139 ο C), where it reaches 310 s. It decreases almost linearly to 48 s at 241 ο C where it is stabilized. This behavior is attributed either to different sticking coefficient of the precursor on the substrate and the growing film, or to accelerated desorption of the adsorbents at higher temperature [START_REF] Kajikawa | [END_REF]. The observed continuous decrease of the incubation time with the increase of the deposition temperature in low to moderate temperature range, followed by stabilization at high deposition temperature has also been observed in the case of the MOCVD of Si [34] and Cu [35]. Similar values for the incubation time of Al from DMEAA on Si or on SiO 2 substrates have also been observed in [11,[START_REF] Tsuji | Advanced Metallization Conference[END_REF]. The incubation time is activated by temperature, it depends on the precursor's partial pressure and it can be modulated by controlling the reactivity of the substrate. Investigating nucleation and growth mechanisms is far beyond the scope of this work. Hence, the incubation time is only used here to determine the net experimental deposition duration. However, such estimation could lead to the overestimation of the deposition rate, since what it is assumed to be incubation is actually the upper limit of the incubation time. We include this overestimation in the measurements of the deposition rate by increasing the downside of the error bars (see Section 4.2). In a more microstructure oriented work, such an investigation could provide a substantial insight of the mechanisms controlling the microstructure evolution of Al films and of the deposition selectivity with regard to the surface structure and composition.

Figure 2 presents surface and cross-sectional SEM micrographs of Al films deposited at 139 ο C, 198 ο C, and 227 ο C. At the lowest temperature (Figs. 2a andb), although there is measurable deposition rate by weight difference, there are only scattered grains on the surface forming a rough film with poor uniformity. The grains are strongly faceted, which is characteristic of Al films [3] and no carbon, oxygen nor nitrogen contamination is observed through the EDS analysis, in agreement with [36].

As opposed to this case, by increasing temperature the density of the film increases because grains coalesced. By comparing the thickness measured by mass difference and the corresponding determined from SEM cross sections, we can deduce that we have similar results. In particular, mass difference, assuming Al bulk density, gives an esti-mation of thickness of 907 nm (±90 nm) and 833 nm (±90 nm) for 198 ο C and 227 ο C, respectively, to be compared with 873 nm and 804 nm, respectively, determined from SEM cross sections. Finally, it can be deduced that by increasing surface temperature roughness decreases; indeed SEM observations are confirmed by interferometry measurements which show that at 139 ο C the rms roughness is 587 nm while the corresponding value at 227 ο C is 193 nm (full data are not shown here). 3 is the Arrhenius plot -the logarithm of the deposition rate as a function of the inverse deposition temperature -showing both the experimental measurements and computational predictions. The experimental data are average data obtained from the weight difference (see Section 2) of substrates located at different radial positions on the susceptor; we use the density of solid Al to convert this weight difference into deposition rate units (Å/min). Although it is difficult to distinguish the reaction-limited from the mass transport-limited regime [15], the increment of the deposition rate as the temperature increases up to 167 ο C implies a kinetically limited regime, in good agreement with previously reported results [3,15]. Above this temperature, the deposition rate presents a slight decrease, prior to a steep reduction at the highest investigated temperature. We assume that this abrupt change is due to the high decomposition rate of the precursor in the gas phase [18].

Computational modeling Figure

In the Arrhenius plot (Fig. 3), the two curves correspond to the computational predictions obtained with the implementation of the model discussed in Section 3, by applying two different values for the mass inflow rate of the precursor, namely 2 sccm (dashed line) and 1.85 sccm (full line). The first value is estimated by entering our operating conditions in the formula proposed by Hersee and Ballingal [START_REF] Hersee | [END_REF]. This value has been obtained by assuming that vaporization of the precursor in the bubbler proceeds at thermodynamic equilibrium and that the conductance of the lines connecting the bubbler to the deposition zone is infinite. For these reasons it corresponds to the upper limit of the precursor flow rate to the reactions chamber. Consideration of this value in the calculations yields overestimated deposition rate in the reaction-limited regime. The best match between calculations and experiments is obtained for an inflow rate value of 1.85 sccm. As it can be seen in Fig. 3, the growth rate prediction made with this value improves the fit of the deposition rate at low temperatures, while it maintains it close to the low limit of the deposition rate at higher temperatures.

The change of the mass inflow rate of DMEAA is connected with the quantity of the precursor which reaches the surface and is available for the surface reaction. It is well known that, in the kinetically-limited regime the deposition rate is controlled from the surface reaction, regardless the quantity of the precursor that reaches the surface, provided the feeding rate is higher than the consumption rate for the deposition. However, MOCVD is a complex process where deposition is a combination of chemical kinetics and transport phenomena at the whole temperature range. In Fig. 4, the computed deposition rates along the susceptor radius are compared with the experimental measurements for T s = 139 ο C (Fig. 4a) and T s = 151 ο C (Fig. 4b). The computed deposition rate in Fig. 4a is slightly overestimated compared with the experimental results. Since the deposition rate was low at this temperature, the colour change was difficult to be observed. Therefore, there is larger uncertainty for this particular T s . For T s = 151 ο C the computed deposition rate is in satisfactory agreement with experiments in both the Arrhenius plot (Fig. 3) and along the susceptor's radius (Fig. 4b) as it lies within deviation intervals.

In Fig. 5 the deposition rate along the susceptor radius is presented for two temperatures of the diffusion limited regime, i.e., 198 ο C and 241 ο C. In Fig. 5a the computational model predicts sufficiently reliably the deposition rate measured experimentally. However, at 241 ο C (Fig. 5b), the model fails to predict the deposition rate distribution along the susceptor. This is not surprising since it did not predict the abrupt drop observed in the Arrhenius plot as well (last black square in Fig. 3).

The most common explanation is that the degradation rate of the precursor in the gas phase is high and thus, less precursor reaches the substrate [18]. Other possible reasons are the increased desorption rate of the precursor [37], secondary competitive processes, such as degradation of AlH 3 to its monomer, dimer and polymer intermediates [12,[START_REF] Nakajima | [END_REF] and the recombinative desorption of H 2 from the monohydride H ad state surface which occurs at high temperatures on Si(100) [38]. The global first order Arrhenius ki-netics that we are implementing in our macroscopic model is valid in the interval 139 ο C-230 ο C and can incorporate none of these effects and consequently cannot predict abrupt changes in the deposition rate at high temperatures. A different order kinetics might capture this trend. The extraction of such kinetics can be performed from feature scale simulations on complex surfaces (e.g. inside trenches) where the deposition rate can be calculated locally [20]. A first effort for the modeling of the deposition of Al onto complex surfaces by varying the pressure has shown that the process might follow higher order kinetics [20]; this direction will be under investigation in a future work.

Still, the macroscopic approximation with the Arrhenius type kinetics presented in this work predicts with sufficient accuracy the experimentally measured deposition rates in the temperature range 139 ο C-215 ο C, where common operating windows for the co-deposition process with elements such as Cu and Fe are located. Furthermore, this simple kinetics can be used as a source for the simulation of the surface evolution comprising surface roughness. 

Conclusions

We presented an experimental and a computational investigation of the CVD of Al from DME-AA. Increase of deposition temperature provides films with increased density and decreased surface roughness. A detailed computational and experimental investigation of the surface microstructure will be included in a future work. The incubation time which was taken into account in order to determine the net deposition rate, extends from 310 s at 139 ο C to 48 s at 241 ο C. A first order Arrhenius type kinetics was implemented in order to perform the computational analysis. The kinetic parameters used are fitted to the experimental data. Improved fit was obtained by considering lower inflow rate of the precursor with regard to its maximum value corresponding to thermodynamic equi-librium in the bubbler and infinite conductance of the gas lines.

The results from the computational analysis show satisfactory agreement at low temperatures compared to the experimental data. At higher temperatures additional mechanisms might occur which cannot be captured by the presented model. We aim to further investigate kinetics by a combination of the results of the present work with measurements and calculations at lower (micro-and nano-) scales. Following this line, in [20], conformity measurements inside micro-trenches and pertinent simulations with a feature scale modeling framework [39] indicated the possibility of alternative surface kinetics.

Nevertheless, the presented macroscopic framework is valid at the temperature range where co-deposition with other elements can take place. Additionally, it provides a useful input for the microscopic building of the surface roughness; a challenging problem that we will address in a forthcoming article.

Figure 1

 1 Figure 1 Upper limit of the incubation time as a function of surface temperature.

Figure 2

 2 Figure 2 Surface and cross-sectional SEM micrographs of Al films deposited at 139 ο C (a, b), 198 ο C (c, d) and at 227 ο C (e, f).

Figure 3

 3 Figure 3 Arrhenius plot, namely the logarithmic deposition rate of Al films as a function of the inverse substrate temperature, T s . Experimental measurements (squares) and computational results (lines) are shown.

Figure 4

 4 Figure 4 Deposition rate along the susceptor radius for (a) T s = 139 ο C and (b) T s = 151 ο C; experimental measurements and computational results are shown.

Figure 5

 5 Figure 5 Deposition rate along the susceptor radius for (a) T s = 198 ο C and (b) T s = 241 ο C; experimental measurements and computational results are shown.

Table 1

 1 LJ parameters of DMEAA, DMEA and AlH 3 .

	species	σ (Å)	ε/k (K)
	DMEAA	6.39	294.36
	DMEA	5.67	268.51
	AlH 3	4.39	355.17
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